Germination, seedling performance, and root production after simulated partial seed predation of a threatened Atacama Desert shrub by unknown
Loayza et al. Revista Chilena de Historia Natural  (2015) 88:10 
DOI 10.1186/s40693-015-0039-1RESEARCH Open AccessGermination, seedling performance, and root
production after simulated partial seed predation
of a threatened Atacama Desert shrub
Andrea P Loayza1,2*, Paloma R Gachon1, Patricio García-Guzmán1,2,3, Danny E Carvajal1,2,3
and Francisco A Squeo1,3,4Abstract
Background: Seed loss to predators is a common phenomenon across plant communities and an important determinant
of plant recruitment. Although seed predators commonly destroy the entire seed, partial seed consumption has been
reported for many species; however, the degree to which seed mass loss affects germination dynamics and survival of
new individuals has been poorly documented. We simulated seed damage in natural conditions to examine how
different levels of cotyledonary reserve removal affect germination dynamics and seedling performance of Myrcianthes
coquimbensis (Myrtaceae), a threatened Atacama Desert shrub. The experiment combined two levels of seed maturity
with three levels of seed mass loss.
Results: Removal of the cotyledon reserves and seed maturity negatively affected the odds and the temporality of
seedling emergence; nonetheless, seedlings were able to emerge from seed fragments, of either mature or immature
seeds, that lost up to 75% of their original mass. Removal of cotyledonary reserves had negative effects on seedling
size but no effect on root:shoot ratios.
Conclusions: Our findings indicate that the loss of cotyledonary reserves in M. coquimbensis seeds is not necessarily
lethal. Moreover, we posit that tolerance to partial seed consumption is likely a key reproductive strategy, which
enables recruitment in this species.
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Seed predation is a key ecological process that can limit
plant recruitment (e.g., Bricker et al. 2010) and may
ultimately affect large-scale patterns of plant abundance
across landscapes (Orrock et al. 2006). Seed predators
commonly consume the entire seed, which results in
total seed loss and reduces plant reproduction efficiency;
however, partial seed consumption has also been re-
ported for many plant species, particularly those with
large seeds (e.g., Pérez et al. 2008; Mendoza and Dirzo
2009; Perea et al. 2011; Loayza et al. 2014). Although
partial seed predation reduces the amount of seed re-
serves, the remaining fragments may still be able to* Correspondence: aloayza@userena.cl
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in any medium, provided the original work is pgerminate and establish, especially if the embryo is left
unharmed (e.g., Vallejo-Marín et al. 2006).
The ability of seeds to germinate and develop seedlings
after losing part of their storage tissue has been reported
for several species in different plant families, which in-
clude Myrtaceae (Texeira and Barbedo 2012), Guttiferae
(Joshi et al. 2006), Fagaceae (Perea et al. 2011), and Palmae
(Pérez et al. 2008), among others. In most species, germin-
ation of seed fragments can occur if the embryo remains
intact (e.g., Dalling and Harms 1999; Mack 1998); however,
seeds of some plants may retain their germination capabil-
ities even if this is not the case. For example, Texeira
and Barbedo (2012) demonstrated that embryonless seed
fragments of five species of Eugenia were capable of ger-
minating, which suggests that some species are capable of
differentiating and forming new plants from the remaining
seed tissues when the embryonic axis is damaged.n Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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ports of germination from seed fragments have recalci-
trant seeds, which are characterized by being large and
by having the ability to germinate early in the reserve ac-
cumulation phase of the seed (Finch-Savage and Clay
1994; Farnswroth 2000; Barbedo et al. 2013). In other
words, for many recalcitrant species, the embryo is fully
developed prior to shedding (but see Piña-Rodrigues and
Figliolia 2005) and, consequently, seeds from green or
immature fruits also have the potential to contribute
to recruitment. Moreover, there is evidence for Eugenia
(Myrtaceae) species that the germination behavior of
fragments from mature and immature seeds does not differ,
suggesting that the regenerative capacity of immature
Eugenia seeds may be set before the end of the maturation
process (Texeira and Barbedo 2012).
Although removal of cotyledonary reserves does not
necessarily result in an inability to germinate, it can still
have some effects on germination dynamics and seedling
performance. For example, reduced germination per-
centages are usually observed with increasing damage to
the seeds (e.g., Vallejo-Marín et al. 2006; Peréz et al.
2008a). Additionally, the reduction or removal of seed
reserves can affect germination times but in an inconsist-
ent manner; that is, it can either accelerate or prolong ger-
mination depending on the species (e.g., Ceballos et al.
2002; Vallejo-Marín et al. 2006). Finally, removal of cotyle-
don reserves may also result in decreased seedling per-
formance (Janzen 1976; Zhang and Maun 1991; Kennedy
et al. 2004), as seedling size and survival are strongly re-
lated to the amount of energy reserves in the seeds (Moles
and Westoby 2004).
Myrcianthes coquimbensis (Barnéoud) Landrum et Grifo
is an endangered, evergreen shrub, endemic to the Elqui
Province in the southern edge of the Atacama Desert in
Chile (Marticorena et al. 2001; García-Guzmán et al.
2012). It has large, subglobose fleshy drupes (2.5 × 3.5 cm)
that typically contain only one seed (Saldías and Velozo
2014), which is large (diameter: 0.8 to 2.5 cm; weight: 2.6
to 11 g) and recalcitrant. When ripe or green fruits fall to
the ground, they are removed by rodents, which cache
them and later consume both their pulp and seeds. Each
year, approximately 35% of the seed crop is presumably
lost to post-dispersal seed predation. Rodents, however,
do not always eat seeds in their totality; often, seed dam-
age by rodents is only partial (Loayza et al. 2014). Conse-
quently, post-dispersal seed predation results in seed mass
loss but not inevitably in seed death.
In this study, we simulated seed damage in natural
conditions to test the extent to which different levels of
removal of cotyledonary reserves affects germination
dynamics as well as seedling performance of M. coquim-
bensis. Specifically, we (1) quantified the effects of coty-
ledon removal on seeds from mature and immatureM. coquimbensis fruits, (2) evaluated whether cotyledon
fragments without the embryonic axis can produce seed-
lings, and (3) assessed if seed mass loss affects seedling
performance. We predicted that, given that M. coquim-
bensis’ seeds are large, their germination capability would
not be affected by seed mass loss. However, we predicted
that the loss of seed reserves would affect germination
times and seedling performance. Finally, we hypothe-
sized that fruit maturity at the time of seed harvest
would affect germination dynamics; specifically, we pre-
dicted reduced seedling performance, as well as lower
and slower germination of seeds from immature fruits.
Methods
Seed source
Seeds were obtained from mature (red) and immature
(green) M. coquimbensis fruits collected in August 2013
from at least ten plants in each of three populations:
Totoralillo (30°04′ S to 71°22′ W), Punta Teatinos (29°49′ S
to 71°17′ W), and Conchillas (29°34′ S to 71°19′ W). Be-
cause mean seed size did not differ among these populations
(Totoralillo = 2.50 ± 1.73 g; Punta Teatinos = 2.39 ± 3.18 g;
Conchillas = 2.40 ± 1.63 g) and our goal was not to detect
among population differences, all fruits were pooled and
subsequently taken to the laboratory, where we manually re-
moved seeds from fruits, taking care not to scratch the seed
coat. We used only intact seeds for the experiments.
Cutting treatments
We selected a total of 36 immature and 36 mature M.
coquimbensis seeds (1.2 to 7.1 g). There was no differ-
ence in mean seed size between mature (3.24) and im-
mature (2.86) seeds (t = 1.57; p = 0.12). Each seed was
randomly assigned to one of three treatments: 1) whole
intact seeds (WIS; the control group), 2) seeds separated
in half along the cotyledons (i.e., both cotyledons were
intact but only one had the embryonic axis), and 3)
seeds cut into four (i.e., cotyledons were separated and
then each one was cut in half ) (Figure 1). Before being
cut, each seed was weighed individually in an analytical
balance (Scaltec, SBA31). Additionally, we individually
weighed all cotyledon fragments resulting from the cut-
ting treatments before starting the experiment, keeping
a record of the treatment and replicate each fragment
belonged to.
Emergence and morphological measurements
In mid August 2013, all cotyledon fragments (n = 144)
and WIS (n = 24) were sown in individual plastic pots in
greenhouse conditions and watered regularly. We checked
for emerged seedlings once a week for 6 months (August
2013 to January 2014). At the end of the experiment, we
up-rooted all emerged seedlings (Figure 1) and recorded
their height as a measure of seedling performance.
Figure 1 Fragments resulting from cutting treatments and M.
coquimbensis seedling. (a) Mature WIS. (b) Fragments resulting from
seeds cut into two; note that only one of the cotyledons (right) has the
embryonic axis. (c) Fragments resulting from seeds cut into three; again,
only one of the fragments (bottom left) has the embryonic axis. (d)
Normal seedling development from a mature WIS. Arrows show the
position of the embryonic axis.
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seedling at 70°C for 48 h and registered their above- and
belowground dry mass (g) in an analytical balance. We used
these measurements to calculate the root:shoot ratio (g · g−1)
for each seedling, which was considered another measure of
performance. Finally, we dug up any pots that did not have
emerged seedlings and checked for root development.
Statistical analysis
We examined the independent and interactive effects of
cutting treatment and seed maturity on seedling emer-
gence and root production using logistic regressions
with two categorical predictors. We evaluated whether
the temporal patterns of seedling emergence differed
among treatments with a Cox proportional hazards
model. In this analysis, the response variable is a hazard
function, which describes how the probability of seedlingemergence changes over time. On the other hand, the
effect parameters describe how this hazard relates to
seed maturity and cutting treatment, as well to the inter-
action between the two. We compared seedling emer-
gence of all treatment combinations against emergence
of mature WIS (baseline) because these should be the
seeds most likely to produce a seedling. We assessed
whether cutting treatment and seed maturity had an ef-
fect on seedling height and root:shoot ratios with general
linear models. To control for seedling age, we included
the number of days since emerging as a covariable in the
model with seedling height. All statistical analyses were
conducted using the R statistical environment, version
3.1.1 (R Development Core Team, 2013).
Results
Only 2 of 60 cotyledon fragments that did not have the
embryo produced seedlings, therefore we considered
only fragments with the embryonic axis for the analyses
of seedling emergence. Overall, seedlings were able to
emerge from both WIS and cotyledon fragments coming
from mature and immature seeds (Figure 2). However,
both cutting treatment and seed maturity affected the
probability of seedling emergence (Table 1). Specifically,
compared to WIS, the odds of seedling emergence were
lower when seeds were cut into four or two (Figure 3).
Moreover, the odds of emerging when cut into four were
0.27 times the odds of emerging when seeds were cut in
half. Additionally, mature seeds had three times the odds
of emerging compared to immature seeds. Consequently,
although M. coquimbensis seeds retain their ability to
emerge after losing portions of their storage tissue, the
probability of emergence is negatively related to both
the amount of cotyledon reserves lost and seed maturity.
Cutting treatment and seed maturity also affected the
temporal pattern of seedling emergence (χ2 = 13.85, df = 5,
p = 0.02; Table 2). Compared to WIS, seedling emergence
was ca. 73% slower (1-βexp) for seeds cut in four but did
not differ with seeds cut in two. Similarly, immature seeds
emerged slower than mature ones (Table 2).
Approximately 76% of all cotyledon fragments (includ-
ing those without the embryonic axis) produced roots.
The probability of root production was affected by cut-
ting treatment only (Table 1). The odds of fragments
from seeds cut into two producing roots were 0.07 and
0.5 the odds of WIS and fragments from seeds cut into
four producing roots, respectively. There was no differ-
ence in the odds of producing roots between fragments
from seeds cut in four and WIS.
Controlling for time since emergence, only cutting
treatment affected seedling height (Table 3); specifically,
seedlings from WIS and from fragments of seeds cut
into two were taller than those from fragments of seeds
cut into four (Figure 4). Finally, root:shoot ratios of
Figure 2 Percentage of seeds from (A) mature and (B) immature fruits that emerged (gray) from each cutting treatment. Note that only
fragments containing the embryonic axis were considered for this analysis.
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ments, seed maturity, or their interaction (Table 3).
Discussion
M. coquimbensis is another example of a species that is
remarkably tolerant to seed damage. Although this re-
generative ability has been documented in a previous
study (Loayza et al. 2014), here we provide new empir-
ical evidence revealing that: 1) cotyledon fragments can
seldom produce a seedling without an embryonic axis;
2) fruit maturity when seeds are harvested affects the
probability of emergence; 3) fragments can produce
roots even without embryos; and 4) removal of the stor-
age tissue affects seedling growth but not the relation-
ship between above- and belowground biomass.
As reported for other large-seeded species (e.g., Dalling
et al. 1997; Dalling and Harms 1999; Perez et al. 2008;
Menzoza and Dirzo, 2009; Texeira and Barbedo 2012), theTable 1 Logistic regression model of the effects of
cutting treatment and seed maturity
df Deviance Probability (χ2)
Seedling emergence
Cutting treatment (C) 2 13.93 <0.001
Seed maturity (M) 1 4.37 0.04
C*M 2 0.35 0.84
Root development
Cutting treatment (C) 2 10.73 0.005
Seed maturity (M) 1 0.19 0.66
C*M 2 1.63 0.44
On M. coquimbensis seedling emergence and root development.development of the initial seedling of M. coquimbensis re-
quired only a small fraction of the total storage tissue, in-
dicating that these seeds have more cotyledonary reserves
than what is strictly needed for germination and seedling
expansion. There are at least two, non-exclusive, explana-
tions that can account for the production of oversize cotyle-
dons. First, large seed size may constitute a plant tolerance
trait, i.e., an antipredation mechanism that allows seeds to
tolerate damage from seed predators (Vallejo-Marín et al.
2006; Pérez et al. 2008; Mendoza and Dirzo 2009) and/or
seedling herbivory (Dalling et al. 1997; Green and Juniper
2004). In the first scenario, an oversized package of reserves
should enable seeds to tolerate damage from predators (i.e.,
seed mass loss) and retain their ability to germinate,
whereas in the second, the ‘extra’ storage tissue is necessary
for the resprouting of new seedlings after severe above-
ground shoot clipping. Therefore, in both cases, reserves in
the cotyledons may act as a ‘risk hedge’ (Hoshizaki et al.
1997) against physical damage of the seeds and/or herbiv-
ory of the initial shoots. Alternatively, large seed size is also
favored in recalcitrant species because it is considered a
proxy of desiccation tolerance (Dickie and Pritchard 2002;
Daws et al. 2005). In this sense, larger seeds take longer to
dry than smaller ones (Daws et al. 2006a, b) and are thus
able to survive longer after initial dispersal. In the case of
M. coquimbensis, tolerance to both desiccation and seed
predation may account for the large amount of cotyledonary
reserves. Tolerance to seed predation is particularly import-
ant for this species, because it has no present day dispersers
and relies solely on rodents - its seed predators - to transport
seeds to suitable sites for establishment (Loayza et al. 2014).
Consequently, M. coquimbensis is subject to intense levels
Figure 3 Association plot between cutting treatment and seed maturity on seedling emergence. This plot represents the signed contribution
to Pearson’s χ2 for each cell in a two-way contingency table. Each cell constitutes the probability of seedling emergence for each treatment combination
and is represented by a rectangle whose area is proportional to the difference in observed and expected frequencies. The rectangles are placed relative to
a baseline (dashed line) indicating independence. If the observed frequency of a cell is significantly greater than the expected one, the rectangle rises
above the baseline (colored blue). Conversely, if the observed frequency is significantly lower than the expected frequency, the rectangle falls below the
baseline (colored pink). Light gray rectangles represent frequencies that do not differ from significantly from expected values. The figure shows that WIS
from both mature and immature fruits emerged more than chance, and that seed fragments cut in four from immature fruits emerged less. Additionally,
there were fewer non-emerged WIS from both types of fruits that was expected under independence.
Table 2 Cox proportional hazards regressions of seedling
emergence
Factors β βexp SE(β) p
Seeds cut in four −1.299 0.273 0.460 0.005
Seeds cut in two −0.554 0.574 0.437 0.205
Immature seeds −1.018 0.361 0.440 0.021
Seeds cut in four * immature 0.889 2.431 0.706 0.208
Seeds cut in two * immature 0.036 0.964 0.668 0.956
Note that the baseline for all treatments was seedling emergence from mature
intact seeds.
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large seeds may be a strategy to partially escape mortality
and increase plant reproduction efficiency. On the other
hand, tolerance to desiccation may be equally critical for this
species because it grows in an extremely arid environment
where mean annual rainfall for the past 10 years averaged
75 mm. This strongly contrasts to the environments where
the majority of recalcitrant species are found, which are pre-
dominantly humid and wet (Fenner 2000; Farnsworth 2000;
Berjak and Pammenter 2008).
In spite of retaining their ability to germinate, seeds
that lost ca. 75% their seed mass had lower odds of
emergence and slower emergence times than WIS. Cut-
ting seeds into four may have reduced the seed mass
Table 3 Analysis of variance for the effect of cutting
treatment and seed maturity
df F p
Seedling height
Cutting treatment (C) 2 8.25 <0.001
Seed maturity (M) 1 3.17 0.08
Time since emergence 1 1.77 0.19
C*M 2 0.74 0.48
Root:shoot ratios
Cutting treatment (C) 2 1.68 0.21
Seed maturity (M) 1 0.25 0.62
C*M 2 0.46 0.63
On seedling height (including days since emergence as a covariable) and root:
shoot ratios of emerged seedlings.
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serves for seedling emergence. Germination success of
partially damaged seeds is frequently, though not al-
ways, reduced compared to the germination of intact
seeds (e.g., Janzen 1976; Koptur 1998; Branco et al. 2002;
Vallejo-Marín et al. 2006). In some cases, there can be
total germination failure with only a small percentage of
seed mass loss (Vallejo-Marín et al. 2006), whereas in
others germination success is only reduced after large per-
centages of seed mass have been lost (e.g., Dalling et al.
1997; Mendoza and Dirzo 2009). Results from this study,
indicate that M. coquimbensis falls within the latter and
again reveals its great capacity to tolerate seed damage.
Seedlings emerged from both seed fragments and WIS
of both mature and immature fruits; nonetheless, fruitFigure 4 Mean height of seedlings emerging from seeds exposed to th
for seedling age (days since emergence). Lowercase letters indicate signific
Error bars represent ± 1 standard error.maturity significantly affected probability of emergence
and the temporal pattern of seedling emergence. Matur-
ity has been shown to have both positive and negative
effects on germination. For example, Sanchez and col-
laborators (1993) found that seeds of Capsicum annum
(orthodox seeds) collected from unripe fruits failed to
germinate, whereas seeds collected from ripe fruits had
high levels of germination. Conversely, immature seeds
of Juniperus oxycedrus (recalcitrant species) had higher
germination percentages than mature ones (Juan et al.
2003). A lower emergence probability of seeds from im-
mature M. coquimbensis fruits may be explained in part
because immature recalcitrant seeds are more desiccation
sensitive than mature ones (Berjak and Pammenter 2010),
and thus a higher proportion of these seeds may have died
before emerging. Additionally, it is possible - though less
likely - that immature seeds may not have accumulated
enough seed reserves for germination (Barbedo et al. 2013).
The majority of cotyledon fragments, with or without
an embryo, were able to develop roots. Similar results
were obtained by Texeira and Babedo (2012) with recal-
citrant seeds of five species of Eugenia, a closely related
genus of Myrcianthes (Lucas et al. 2007). Moreover,
these authors showed that cotyledon fragments retained
their ability to produce roots, even when seeds were cut
after the germination process had initiated (i.e., after the
original seed had produced the primary root). This sug-
gests that even small cotyledon fragments have sufficient
reserves after germination to produce roots. In this sense,
Kennedy and collaborators (2004) found that seed reserves
have a significant impact on early plant development, ande different cutting treatments. Differences in height were controlled
ant statistical differences among cutting treatments (a, a, b) (p < 0.05).
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ectly to the roots. Whether all fragments with roots will
later be able to produce seedlings is unknown. As men-
tioned previously, only two cotyledon fragments without
the embryonic axis were able to produce seedlings, which
strongly suggests that, even if they are able to produce
roots, embryonless fragments will unlikely generate seed-
lings, particularly in natural conditions.
Cutting treatment affected seedling height; controlling
for time since emergence, seedlings that developed from
seeds that had lost approximately 75% of their mass
were consistently smaller than those from the other two
treatments. If large seed size in M. coquimbensis is partly
explained by the ‘reserve effect’ hypothesis (Westoby
1996; Leishman et al. 2000) - which states that larger
seeds retain a greater proportion of their seed reserves
after germination that can be mobilized for seedling
growth, maintenance, and repair - then it follows that
after germinating, both WIS and seeds that lost only half
of their storage tissue, had more seed reserves to allocate
to seedling growth than the small cotyledon fragments and
would ultimately produce larger seedlings (Kennedy et al.
2004). Finally, root:shoot ratios of emerged seedlings did
not differ among cutting treatments, seed maturity, or their
interaction, which suggests that although the amount of
cotyledon reserves affects plant growth, it does not affect
resource allocation to above and belowground organs.Conclusions
In conclusion, our findings indicate that the loss of coty-
ledonary reserves in M. coquimbensis seeds is not neces-
sarily lethal. Seed mass loss, however, affected the
temporality of emergence as well as seedling size, which
may have critical consequences for the regeneration of
this species. Tolerance to partial seed consumption is
likely a key reproductive strategy, which enables recruit-
ment in this species. We suggest that future studies
should focus on understanding which factors (e.g., re-
source availability, variation in intraspecific seed size) in-
fluence whether rodents eat seeds whole or partially, as
this will enable to further understand the consequences
and ecology of partial seed predation.
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